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ARTICLE INFO ABSTRACT
Articte history: Plant water status is a key factor Impacting crop growth and agricultural water management. Crop water
Available ontine | November 2008 stress may alter canopy temperature, the energy balanice, transpiration, photosynthesis, canopy water
e use efficiency, and crop yield. The objective of this study was to calculate the Crop Water Stress Index
Keywords: {CWSI) from Canopy temperature and energy balance measurements and evaluate the utitity of CWSI to
Maize quantify water stress by comparing Cws] tg latent heat and carbon dioxide (C0;) flux medsurements
Wheat over canapies of winter wheat (Triticum aestivum L) and summer maize (Zea mays L.). The experiment
m':‘: :“e'::'nm was conducted at the Yucheng integrated Agricuitural Experimental Station of the Chinese Academy of
Oy Mux Sciences from 2003 1o 2005. Latent heat and CO; fluxes ( by eddy covariance), canopy and air
Infrared thermometry temperature, relative humidity, net radiation, wind speed, and soil heat flux were averaged at half-hour
Canopy temperature intervals. Leaf area index and crop height were measured every 7 days. CWSI was calculated from
measured canopy-air temperature differences using the Jackson method. Under high net radiation
conditions (greater than 500 w m~?), calculated valyes of minimum canopy-air temperature differences
were similar to previously published empirically determined non-water-stressed baselines. Vajid
Measures of CWSI were only obtained when canopy closure minimized the influence of viewed soil on
infrared canopy temperature measurements (leaf area index was greater than 2.5 m? m~?). Wheat and
maize latent heat flux and canopy CO, flux generally decreased linearly with increases in CWSI when net
radiation levels were greater than 300 W m~ 2 The responses of latent heat flux and €O, flux to CWSI did
not demonstrate a consistent relationship in wheat that would recommend it as a reliable water stress
quantification tool, The responses of latent heat flux and CO; flux to CWSI were more consistent in maize,
suggesting that CWSI could be usefuf in identifying and quantifying water stress conditions when net
radiation was greater than 300 w m 2 The results suggest that CWSI calculated by the Jackson methad
under varying solar radiation and wind speed conditions may be used for irrigation scheduling and
agricultural water Management of maize in irrigated agricultural regions, such as the North China Plain,
Published by Elsevier B.v.
1. Introduction deficit under high net radiation, non-water-stressed conditions.

The CWSI has been frequently used to quantify crop water stress
Canopy temperature is a part of the canopy energy balance. As based on Canopy temperature over the past three decades (Gardner
solar radiation Is absorbed by leaves, leaf temperatures increase, et al, 1992a), and has also been used for irrigation management
Leaf cooling takes place as some of the thermal energy drives {Nielsen and Gardner, 1987; Nielsen, 1990),
transpirational water loss, Under water deficit conditions, stomata Jacksonetal. (1981, 1988 revised Idso's CWS| definition using a
close in response to loss of turgor pressure (Kramer, 1983), causing theoretical analysis based on the canopy energy balance and the
4 lowering of transpiration rate and an increase in canopy Penman-Monteith equation. Other researchers have modified the
temperature. Idso et al. (1981) defined the Crop Water Stress Jackson CWSI over the past two decades (Clawson et 4, 1989;
Index (CWSI) based on the empirical linear relationship between lones, 1999; Alves and Pereira, 2000; Giu et al, 2000). Also another
mid-day canopy-air temperature difference and vapor pressure water deficit index using remotely sensed spectral information has
been proposed (Moran ot 4l., 1994).
Irrigation scheduling based on CWSI for different crops in

7’};;,;;,",,,,, author TeL: +1 970 143 0507: fax: +1 970 348 2088 different regions has been documented {Nielsen and Gardner,
E-matl oddress: David Nielsen@ars usda gov (D.C. Nielsen), 1987: Nielsen, 1990: Garrot et af., 1990; Ben-Asher et al, 1992
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Yazar et al., 1999 Barpes et al, 2000, Alderfasi and Nielsen, 2001,
Orta et al., 2003; Silva and Rao, 2005). In the North China Plain,
Yuan et al. (2004) compared and evaluated the performance of
three CWSI calculations, and found that the Jackson Cws] was the
best for quantifying crop water stress in winter wheat,

i effects of soil water, atmo-
spheric, and crop conditions on Crop water status. Nielsen and
Anderson (1989) Teported strong relationships betweer CWSland
stomatat conductance, leaf water potential, leaf transpiration rate,
available soil water, and leaf CO, exchange rate in sunflower
(Helianthus annuus (L)). However, studies of the relationships
between CWSI and canopy CO; flux and water use efMiciency for
additional crops are needed to advance our understanding and
Management of crop water stress using the eastly measured WSl
Research about the relationship between CWSI and canopy CO,
flux in agricultural fields is rarely reported. Therefare, the
objectives of this study were tg compute CWSI by che Jackson
method from measured Canopy temperatures and meteorological
data in winter wheat and summer maize Relds in the North China
Plain, and to evaluate the utility of CWSl to quantify water stress by
tomparing CWSI to latent heat and CO, flux measurements,

2. Materials and methods

The field experiments were conducted at Yucheng Integrated
Agricultural Experimental Station of the Chinese Academy of
Sciences in the North China Plain, 350 km south of Beijing (latitude
36 57'N, longitude 116°36E, 28 m above mean sea level) from
2003 to 2005. The soil type in the experimental area was silt loam,
Yin (2008) reported volumetric water content at field capacity,

- saturated hydraulic conductivity, and bulk density of the 0-50 cm

soil layer to be 0.440 m? m> 7Smmd-', and 1.50 g cm -3,
respectively. Respective values for the 50-100 cm layer were
0.447m’ m~%, 55 mmd-", and 1.51 gem 2. Respective valyes for
the 100-140cm layer were 0426 m’m ?, 88 mmgq-,
154 g cm™3 Table § gives values of mean monthly temperatyre
and precipitation recorded at the study site and the longer-term

directions during the Crop growing season.
Latent heat and CO; fluxes were measured with an eddy
covariance system installed at a height of 2.10 m above the soil

Table 1

1147

surface for winter wheat and 3.30m for sumimer maize. The
system consisted of 4 fast response infrared gas analyzer (117500,
U-COR Inc., Lincoln, NE, USA) and 4 three-dimensiona} sonic
dnemometer (CSATI, Campbel] Scientific Inc., Logan, UT, USA).
Data were recarded with 4 datalogger (CRZ3X Campbell Sclentific
Inc., Logan, UT. USA) at a sampling frequency of 20 Hz for each
channel. Average values were calculated and recorded every
J0min. A net radiometer (CNRI, Kipp & Zonen, Delft, The
Netherlands) was also installed at 3 height of 210 m for winter
wheat and 3.30m for Summer maize to measure incoming,
reflected, and emitted components of shortwave and longwave
radiation. Air temperature and relative humidity were measured
with & tempcramre/humidity probe (HMP45C, Vaisala, Helsinki,
Finland). Wind speed was measured with an anemometer {A100R,
Vector Instruments, Rhyl, United Kingdom). Two soit heat flux
plates (HFPO1SC, Hukseflux, Delft, The Netherlands) were instailed
at 0.10 m below the soil surface at row and interrow positions. For
more detalls about the eddy covarance system and the experi-
mental site, see Lee et 4f. (2004), Wang et al, (2006), Xiao et af.
(2006), and Li

evaluations with CWs] calculations.
Crop canopy temperature was measured continuously with an

infrared thermometer (IRT) installed on 4 bracket of the eddy

angle from the horizontal, detecting radiation in the 8-14 um
Cyclops Compac 3, Land Instruments
International, AMTEK, inc., Beijing, China). Calibration of the IRT was

compute leaf area index (LA1). Crop height was also measured
weekly. Daily values of crop height were obtained from the
measured data by linear interpolation.

CWSt was computed following the method of Idso et af. (1981)

as

. dr 4t
N i A L

Mean monthly femperature and precipitation 4t experimental vite ( Yucheng Integrated Agricultural Experiment Station) and long-term means at Jinan Meteorologicat

Station (40km southeast of experimental vite],

Mean monthiy precipitation (mm)

Month Mean monthiy temperature { ()
2003 2004 2008 1981-2008 2003 2004 2008 1951 - 200%

January -34 -1.3 18 17 | 3 0 0 8
February 18 4.1 22 ¥ ] 2 " 1B 10
March 68 LK ] 55 79 4 k] 0 13
Aprit 13.7 182 153 187 160 32 8 32
May 0.1 19.0 19.0 218 12 47 17 47
jure 247 237 26.8 83 37 196 63 83
juty 8.8 28.2 7.1 278 108 224 158 204
August m? 244 247 8.2 70 05 b 160
September 105 08 03 218 50 7 218 84
October 118 138 t19 i58 152 9 17 37
November 53 8.7 L ¥ 8.1 20 ] 8 Pa
December a2 0.2 19 13 11 2 f ]




1148 L Liet al / Agriculturat Water Management 97 {2010} 11461155

where dT, AT nux and ATy are actual, maximum, and minimum
Canopy-air temperature differences, respectively. The determina-
tions of dT,,,, and AT o are critical to computing CWSL The value
of 4T, was empirically set as 3  for winter wheat based on the
obsetvations for canopy-air temperature difference in the current
research aithough previously reported research generally used 2 ¢
(ldsoetal., 1981 Howell et )., 1986; Alderfasi and Nielsen, 2001 ).
Values of dT,,.,, are not really constant and probably vary primarily
with net radiation and wind speed. For summer maize, the value of
AT, was also set to 3 C (Nielsen and Gardner, 1987). dT,,,, was
computed theoretically based on Jackson et a4, ( 1981}

AL YU erg/r, VPD
Tiin - L . s fw/fa) &y v 2

where R, is the net radiation, G is the soil heat flux, o is the air
density, ¢, is the specific hear at constant pressure, p is the
psychometric constant, 4 is the slope of the saturated vapar
pressure-temperature curve, r, is the derodynamic resistance, Fep
is the canopy resistance at potential transpiration, and vpp is the
vapor pressure deficit, Tep WasS Set as 22.7sm ! for winter wheat,
a1 average value from the research by Yuan et al, (2004) and
250sm ! for sumnier maize (Steduto and Hsaio, 1998}, The
aerodynamic resistance can be computed by (Thom and Oliver,
1977

e S

L4720z - dyjzg)?
e 7T 3

study, d « 0.56 h and Zo~0.13 h (relationships given by Legg and
Long, 1975),

system aggregation it refers to (Steduto, 1996). Canopy water use
efficiency (CWUE) in this study was defined as

CWUE - fES (4)

where Ffc e €Oz flux over the canopy: E«H,0 flux over the
canopy = latent heat flux/latent heat of vaporization,

3. Results and discussion

EN R Verifying df,,,

was greater than 500w m-? to verify that energy balance
instrumentation were functioning properly and formulas used
to calculate dT,,,, (EQs. (2} and (3)) were Properly implemented.
The data observation times were restricted to high net radiation
periods when full CANOPY cover was assured s that the calculated
dToun values could be compared to previously published empiri-
cally derived non-water-stressed haselines that had also been
determined under high net radiation conditions (ldsa, 1982;
Nielsen and Cardner, 1987). Data were averaged by 0.25 kP vpp
classes to ¢mooth the data. The data for both wheat and maize
indicate some variation from the previously published empirically
established non-water-stressed baselines (Fig. 1), but are sufff-
clently close to give us confidence in using the Jackson method to
calculate dT,, from the energy balance components. Values of
dTin declined linearly from about 20 5°Casypp Increased

: 2008 pre-hoad
(T 480 (1987) pry heeq
[ — 1480 (1982) powt eeq
C 2007 post-Pesd

VPD (kPa)

Fig t. Retationship between vapor pressure deficit (VPD} and minimum canopy-afr
lemperature difference (dT 0} as calculated by Eq. (2} (Jackson energy balance
method) over wheat and maize Canapies, The data points are from haif-hourty
dverage values taken between 1236 and 1500 when net radiation was greater than
500 Wm 2,

from 1 to 3.5kPs for both wheat and maize under high net
radiation conditions.

Fig. 2 (2003 maize) is shown as an example of how dT., under
non-water-stressed conditions increases a8 net radiation

3.8 C when net radiation is between 100 and 200Wm 2 and
2.9 C when net radiation js between 600 and 700 W m =<

3.2 Influence of leaf area development on Cwsy

CWSI for both wheat and maize fluctyated widely for both
wheat and maize Crops early in the growing season of each crop,
and often exceeded the theoretical maximum value of 19
(Fig. 3). This was primarily caused by the IRT viewing the warm

VPD (kPa)

Fig. 2, Retationship between vapor pressure deficit (VPD) ang mintmum canopy- 4ir
lemperature difference (4T eun) 38 calculated by Eg, (2} (Jackson energy balance
method) over 3 maize canopy in 2003, The daea points are from half-hourty average
values taken between 1230 and 1500 and sre wparated by net radiation class,
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Fig. 3. Crop Water Stress Index for wheat { 2003-2008) and maize ( 2003-2004).

s0il surface between rows prior to tanopy closure or fuil cover
conditions, which we dssumed to occur at LAl =25 (Fig. 4).

August in 2004 for maize). We therefore restricted our data set
for further analysis to measurements made after full cover
development,

3.3 Relationship between latent hear flux, CWSI, and net radiation

To investigate the relationship berween CWSI and LE (and
tanopy photosynthesis and canopy water use efficiency,
discussed later) we again restricted the data used for analysis
to data collected after full cover ang between 1230 and 1500
local time. Datg were averaged hy 0.10 kP3a VPD classes tg
smooth the data. For both wheat ang maize, when the
relationship between CWSI and LE 1 cansidered regardless of
net radiation level (Fig. S, upper lefr panel), there appears to be

shown), Significant negative linear relationships between LE and
CWSI were found when net radiation was greater than
300wWm ? for wheat in 2003 and 2004 and for maize in
2003, and also for maize in 2004 when net radiation was greater
than S00Wm 2 (Tabje 2).

A significant increasing linear relationship between LE and
CWSI was noted for maize in 2003 when net radiation was less
than 100Wm 2 | the other data sets under low net radiation
conditions there was no significane relationship between LE and
CWSL Under these low net radiation canditions, LE is apparently
more influenced by net radiation level or air temperature than by
water availability.

Fig. 5 demonstrates that LE is related to bath CWSI and R, At
CWSI « 38, for example, [E =« 200 W iy 2 when Rn is between 300
and 400Wm ¢ while LE - J0OWm ? when Rn is greater than

and Rn by fitting the model
LE=arb~Rn+c-CWSl¢d:Rn(CWSl (5)

to the data sets identified as significant in Table 2. Fig. 6 and Tahle 3
demonstrate the significant correlation between LE and bach Rn
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Fig. 4. Winter whear and maize leaf area index development from 2003 1o 2008.

Leaf Ares index

00 Data only from dates > 14 April

® <100Wmt
O 100-200 W m*

LE Wm'dy

200-300 W m* .
A 300400 Wmt ! o

6 08 10 09
cwst

Fig. 8. Relationship between Crop Water Stress index (CWSH) and latent heac flux (LE) for winter wheat on 1ise North China Main, 2003, Data are from hail-hourly values from
1230 to 1500 local time that were then averaged by 0.1 CWSI classes and separated by net radiation class.

the correlation. Some of the scatter seen in Fig. 6 may be attributed 1.4. Relationship between CO;, flux, CWSI, and net radiation

to the fact that CWSI and Rn are single point measurements

whereas the LE measurement integrates conditions over 3 large Under water stress conditions, canopy conductance decreases,
area that may have some spatial variability in water availability to thereby restricting CO; flux (Olioso et al, 1996: Yu and Wang,
plants. 1998; Shangguan et Ak, 2000; Yu et ai, 2004). €O, flux showed 2
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Table 2
Linear regression slope. intercept. K. and P vatues for mnodel LEwd sl CWSI(LE = latent heat Mux (Wm 1y, CWSTecrop water stress index),
Crop Yeur Net radlation class (Wm ) Slope Intercept ] 4 N
Wheat 2003 0-100 -80.68 8381 020 0.79 5
100200 63.70 ¥5.87 i3} .62 L]
200 308 16.60 133,18 028 048 9
308208 ”.2 4.5 en o0 14
408- 3508 124.87 nvae [ 1 - a0t 1 ]
- S 1.5 340.00 .57 0.4 13
1004 0- 100 3089 3875 0.34 0.37 9
100- 200 6.40 97.85 0.03 0.94 8
100-300 18871 22910 0.68 015 [}
300- 400 550 101.43 008 088 t7
498508 -77.88 bil st § 053 ¥ ] 18
- 508 141.38 421 (X ] 0.0t H
2008 0-100 34.96 98,37 0.650 0.40 4
100- 200 21 A9 140,19 0.08 o719 1t
208- 308 180.73 8832 on (Y /] 18
300-408 1208 3243 [ X ] (2 }] 12
400- 308 148,19 8.4 0.98 o.01 14
+ 300 1.95 342.50 0.01 0.98 (£1
Malze 2003 o108 179.38 e 0.8 - 8.0t 13
100300 ~5.91 92.99 -0.04 0.90 14
200300 203.47 51.32 0.48 0.23 ]
308- 408 13172 34138 0.83 0.03 7
408308 16698 k7l ¥y .67 6.03 L
-5, . 40428 - - - - O . i)
2004 [ 27: ] 17433 13 013 0.74 9
100-200 41.80 79.28 023 0.39 14
200-300 3149 108,10 0.26 0.42 12
300400 251 179.34 .03 0.93% i1
408- 500 8153 . -0.78 - 6.0t 12
- S0 83,21 3338 - 008 0.0 13

R=carrelation coefficient; P= probability that the nuil hypothesis of regression siope =1} is true; N = number of observations: bold values

Table 3
Multiple linear regression coeficients for tatent heat fMux (LE}, CO; flux (F¢), or cano

indicate data sets when £ 0.10.

Py water use efficlency (CWUE) regressed against crop water stress index ( CWSI) and net

radiation (Rn) for wheat and maize caniaples on the North China Plain.

Crop & year N R (Wm-1) a b ¢ d R P

LE
Wheat 2003 43 >300 11583 04173 -H19.1 0.0254 0.88 ~0.01
Wheat 2004 3t ~400 -124.3 0.9841 186.4 -0.5893 077 < 8.0%
Wheat 2003 40 »300 3502 0.0408 498.5 0.7863 0.83 <0.01
Maize 2003 yi ~300 -81.8 1.0089 2237 -0.9304 0.83 - 001
Malze 2004 24 »40 108,1 0.4000 688 0.029% 087 <001

Fe
Wheat 2003 57 ~200 08989 4858 - 04 ~1.169 1.05€-03 0.64 - 001
Wheat 2004 54 300 1.0810 4.088- D4 0.561 -5.32E .04 0.70 < 0,01
Wheat 2008 L] 200 0.13%0 0.0200 04274 ~1.12E-03 058 < 0.01
Maize 2003 k] >200 1.0873 0.00150 - 1.6048 117803 0.84 - 0.0t
Maire 2004 48 >200 0.9281 0.00204 0.8834 -6.30£- 04 o.79 «0.01

CWUE
Wheat 2003 43 >300 00187 37 08 00148 F418- 08 0.18 0.7
Wheat 2004 4 >300 0.0258 ‘283K 0% 00228 3.26E.05 0.64 - 8.01
Wheat 2008 41 300 0.0007 +.SIE -08 0.0300 ~$.35€- 0% 0.93 - 001
Maize 2003 37 20D 0.0441 -7.10K-.08 -0.0%32 1.14E-.04 083 - 0.0t
Maize 2004 4 300 0.0403 -417E 08 0.0338 449 08 084 - G.01

N nmiber of observations: a, b, ¢, d = linsar regression coefficients
the null hypothesis that the muitiple linear regression equation iy

similar respornise to CWSH ag previously described for LE (Table 4),
CO; flux of wheat in 2003 and 2008 and of maize in 2003 increased
with increases in CWS! when net radiation was very low
(R < 100Wm %), and did not respond to CWS! when net
radiation was very low in the other rwo crop-year data sets, As
postulated earlier, this is probably a response of photosynthesis
rate being more influenced by increasing temperature at low net
radiation than by leve! of water stress. For wheat in 2003 at net

radiation levels greater than 200 W m-? CO; flux declined with

for LE, Fc, or CWUE s g+ b x Ry + ¢ «
not significant (s troe,

CWSI+d - Rt < CWSE: R~ correlation coefficient; P« probabitity that

increasing CWSL. The negative response of CO; flux to increasing
CWSI was not evident in wheat in 2004 until net radiation was
greater than 300 W m 2, and was not seen at alf in wheat in 2008,
For maize in both 2003 and 2004, (O, flux declined linearly with
increases in CWSI at net radiation levels greater than 200 W m -2
(2003) and greater than 100 W m~? (2004). Similar to the data
shown in Fig $ for LE response to CWSI, higher levels of net
radiation resulted in higher levels of €O, flux at a given CWSI level
(data not shown).
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Fig 6. Comparison of observed latent heat flux (LE) over wheat and maize with
values of LE predicted by multiple inear regressions given in Table 3 using values of
Crop water stress index and net radiation,

Tadle 4

Linear regression slope, intercept, R, and P values for mode! Fcxa+ b~ CWSI (Fe~CO; flux (mgm-25- ", CWSi = crop water stress index),
Crop Year Net radiation class ( Wm Y Slope Intercept n 4 N
Wheat 2003 o-108 L33 0.2 LX) ~0.01 3
100-200 06548 0.268 0.43 0.45 5
200- 108 0.8508 1012 083 007
300-400 0.847 1088 0.73 < 0.01 14
400-308 0.641 1.0%¢ 0.9 - 0.0 £ 4
- 508 o0.683 1.228 033 o 13
2004 a-108 0173 0,124 0.21 039 9
100-200 0.148 0.387 0.08 088 8
200-300 0.454 0.907 .48 038 [}
300-400 o810 1L2%7 0.3 097 17
400-308 0711 1.208 0. - 0. 18
508 0.89¢ 1333 .7y - 0.81 11
2008 0-108 0583 [ X47 ] 0.58 0.04 4
100-200 0.208 0.403 023 0.%0 H
200~ 300 0,254 0.459 0.2% 0.48 10
300-400 0333 1173 0.34 029 12
400-500 0.308 1.28% 0.39 0.3 14
<500 0.04¢ 1034 008 0.8% 15
Maize 2003 a-108 1283 0.083 (¥ ] - 0.0¢ 1s
100~ 200 0.096 0.2%3 .13 0.87 14
100- 108 1.7%4 1749 ore .08
308- 409 1473 5% 0.9% - 0. 14
408- 308 (& 3 1.648 o0 a.08 |
- 508 1.023 103 X3 - 0.0t 1"
2004 0-100 0.118 0.308 [+ 31:] 0.80 ]
108-208 0318 o817 [ X} ] 0.08 14
108- 198 0.67¢ Ling 0.0 e.01 12
3100- 409 1.387 1.983 0.94 o0 i
499308 19189 1403 (¥ ] - 0.0 13
- 508 (¥ ] 1.687 [-X ¢ ) oo 13

R« curretation coefReient; Pe probability that the nyli hypathesis of regression dope 0 iy true: Nenumber of nhservations: boid values indicate data sets when £ 13,10,
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Tabie 8
linear regression siope. intercept. R, and P values for model CWUE=q + b « UWSHCWUE « canopy water use eMciency (mg CO, per mg H,0), CWS! = crop water stress index ),
Crop Year Net radiation class (Wm 1) Stope Intercept [ P N
Wheat 2003 0-100 00264 0.0188 .30 0.83 M
100-200 0.0062 0.0100 018 [+ %4 ] 5
200- 100 00124 0.0028 0.4% 0.23 9
308- 408 g.ot01 00128 c.re o ie
400- 500 0011t 0.0194 a.18 034 13
- S8 0.00%4 0.0108 0.54 0.9 13
2004 0- 100 0.0434 0.0192 a.16 0.87 9
100- 200 0.008% 0.0060 0.13 are ]
100- 300 00018 06111 0.13 0.8 -1
190- 408 0.0109 00133 087 0.03 17
408500 0.0084 0.0133 0.6 a0 18
- 508 0.0043 0.000% 058 0.01 19
2008 ¢-109 0.039¢ 0.0029 o9 0.0 4
1 09- 208 o011 0.00% 0.r? - 0.01 it
1008- 308 0.0138 0.0018 0.78 9.01 10
100- 400 20124 0.0041 0.42 0.17 12
400- 500 0.0024 0.0077 0.22 0.4% 4
-500 0.0000 0.0077 0.00 1.00 5
Maize 2003 0~ 100 0.0070 0.0221 0.07 1% 15
100- 200 0.0178 0.0187 0.26 a.38 14
108- 209 0.0352 0.0323 082 .01 s
300408 0.0313 0.0240 0.87 o.01 b
400-500 0.0049 0.0079 0.37 0.27 2]
>500 0.00%5 0.0078 0.51 o1t 11
2004 0-100 0.0188 0.00%2 0.08 083 9
100-200 s.01n2 0.0158 039 0.03 14
200- 00 0.0192 (X7 741 0.74 0.01 12
100-408 0.0218 0.0288 o.98 0.01 11
400- 500 0.0207 0.0281 0.0 - 0.0 12
~300 -0.0037 00133 -0.31 0.30 13

8= correlation coefficient; P probability that the nutl hypathesis of cegression slope = 0 is true; N=number of chservations: bold values indicate data sets when P. 0. 10.

As was done for the evaluation of LE related to net radiation and . v
CWSI, values of CO, flux were fit to the model given in Eq. (5), and * 2003 * P
the regressions (Table 3} were used to determine predicted CO, 0.018 1 o 2004 e
flux values which were plotted against the observed values (Fig. 7). e 4
Significant correlations were found between CO, flux and both Rn o ‘.’
and CWSL. The regression of LE on Rn, CWSI and the interaction of 3 % sg’
Rn and CWSI was highly significant (P < 0.01) for all Ave crop/year 0.010 &
combinations. Correlation coefficients ranged from 0.56 to 0.84
(Table 3). As with LE, we attribute some of the scatter seen in Fig. 7
to the fact that CWS! and Rn are single point measurements
whereas the CO, flux measurement integrates conditions over a
large area that may have some spatial variability in water
availability to plants.
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efﬂciency declined with Increases Cwsj (W&ng etal, 2005). Fig. & Comparison of observed canopy water use efMictency (CWUE) over wheat and
Application of the regression model given in equation 5 to the madize with values of CWUE predicted by multiple linear regresvions given in Table

wheat data when net radiation was greater than J00OWm ? using values of crop water stress index and net radiation,

0.010 o .
o :yg ¢ o

0.008 -

Prediciad CWUE
(mg CO, per mg H,0)
L J
..0
[




1154 L Ls et al / Agricultural Water Management 37 (2010) | 146- 115§

showed the model to be significant (P« 001, R= 0.55-0.64,
Table 3) in 2004 and 2005 but not in 2003 (P=0.71, R=0.18).
The regression model was highly significant (P- 001, R~063-
0.84) for both years in maize for data collected when net radiation
was greater than 200 Wm ? The plot of CWUE predicted from the
regressions given in Table 3 vs. observed CWUE (Fig. 8) demon-
strates the lower correlation between CWUE and the combination
of net radiation and CWS! than was seen for LE and CO, fluxes.

4. Conclusions

The results of this study confirmed the large influence that
viewed soil surface can have on CWSI calculated by the fackson
energy balance method. CWSI calculated under caonditions in
which the warm soil surface Is viewed by the IRT are not useful for
quantifying crop water stress, and methods should be employed to
minimize viewed soil such as aiming the IRT across rows rather
than parallel to the row direction.

The relationship between dT,, calculated by the jackson
energy balance method and VPD was confirmed to be linear and
very similar to previously published empirically determined non-
water-stressed baselines when net radiation levels were greater
than 500 W m 2. The value of dTon at any given VPD decreased as
net radiation decreased.

Both tatent heat flux and CO; flux declined as CWSI increased
when net radiation was greater than about 300 W m 2 for both
wheat and maize. At lower net radiation levels latent heat flux and
CO; Aux may be more influenced by air temperature than by water
availability and water stress. The response of CWUE to CWSI was
more variable than the responses of latent heat flux and CO, flux,
but could most often be characterized for both wheat and maize as
CWUE declining with increasing CWSI when Rnt was greater than
300Wm 2,

This study demonstrated the uttlity of calculating CWSI
continuously by the Jackson energy balance method under a wide
range of net radiation conditions {300-700 W m 2). Previous
studies suggested that the usefulness of CWSI for detecting and
Quantifying water stress may be limited to semiarid areas of the
world with mostly sunny, clear sky (high net radiation) conditions.
The results of this study indicate that haif-hourly averaged Cwsi
calculated during midday conditions when the soil surface is not
viewed by the IRT and when net radiation is greater than
300 Wm ? should produce useful estimates of crop water stress
which are correlated with latent heat flux and canopy photo-
synthesis. While the results are somewhat less than definitive,
there appears to be ample evidence to warrant further investiga-
tion of the use of CWS! to quantify water stress in large fleld
situations and to consider the use of CWS! in irrigation scheduling
of wheat and maize in the important agricultural area of the North
China Plain.
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